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ABSTRACT

A series of fabric test panels, test fired with a 17-grain fragment simulating projec-
tile (FSP), of armor materials made from Spectra 1000 (™Allied-Signal Corpoiation) high
tenacity polyethylene fibers were examined by wide-angle X-ray diffraction. A new proce-
dure was developed for averaging out the orientation of fiber or fabric samples in order
to yield data suitable for the determination of crystallinity. Data on the undamaged fab-
ric show an average crystallinity of 0.65, with an orthorhombic fraction of 0.61, and the
metastable monociinic phase fraction at 0.04. Ballistic impact resulted at the damage
zone in ¢ither an increase in the monoclinic fraction, attributable to recrystallization, or
to total cradication of the monoclinic chase, attributable to melting. Thus, the mono-
clinic content is useful for characterizing the thermomechanical effects which the fibers
have undergone; monoclinic melting predominates when ballistic penetration is complete.

The predominant orthorhombic phase is generally reduced in mass fraction by the ballis-

tic impact event. 4
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INTRODUCTION

X-ray diffraction analysis has been conducted on test panels of armor materials made
from Spectra 1000™ polyethylene fibers of ultrahigh orientation. The focus to date has been
on developing a test method for X-ray diffraction determination of crystallinity in the fibers
using a suitable computer control method on the instrumert to average out crystallite orienta-
tion. The method is described in detail in ihis report.

A total of 16 ballistically tested panels has been examined. Crystailine content was deter-
mined twice for each panel; once near the point of impact, and a second time at an undam-
aged area distant from the impact point.

The following diffraction peaks wzre observed: the monoclinic {001) reflection, near
20 = 19.4° and the orthorhombic (110) and (200) reflections, near 20 = 21.5° and 23.8°
respectively. In every instance, the equilibrium crystal form, the orthorhombic form, predomi-
nated, as evidenced by the streagth of the peaks at 21.5° and 23.8°. The metastable mono-
clinic phase comprised a minor frac.ion of the crystalline material when it was present.

The monocliric phase of polyethylene has been observed by a variety of workers:
Slichter;! Seto, Hara, and Tanaka:®> Magill et ai.;* Fatou, Baker, and Mandelkern;’ and
Mead, Desper, and Porter.’ In general, monoclinic material appears as the result of cold
working of polyethylene; e.g. by compression or shear below the crystalling melting point.
The monoclinic phase is generally thought of as a metastable phase, less stable than the ortho-
rhombic phase, to which it will transform under favorable conditions, such as heating near the
melting point and removal of applied stress. The polymer molecular weight also plays an
important role; higher molecular weights favor the formation cf the monoclinic phase.

EXPERIMENTAL

The X-ray diffraction data were acquired using a specially modified Picker four-circle
X-ray diffractometer at the U.S. Army Materials Technology Laboratory, as described by
Desper.7 The system consists of the X-ray difiractometer, a PDP-11/23 computer for control
of the four diffractometer angels, a position-sensiiive proportional counter for detection, and
a multiple-channel analyzer for data readout. Determination of crystallinities of fibrous materi-
als presents a special problem, however, since the preferred crystallite orientation in the fibers
results in a complicated diffraction pattern which is dependent upon both the usual Bragg
angle 20 and the fiber orientation angle x. This was overcome by averaging out the orienta-
tion effect on the diffraction instrument (see Appendix 1) to rednce the data to patterns
dependent upon only the angle 26, to which established methods for unoriented samples could
be applied.
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The X-ray beam has a circular cross section of 0.5-nun diameter and, at a monochromatic
wavelength of 1.5418 Angstroms, is capable of penetrating the thickness of the test panel with-
out serious absorption effects. Thus, the effective sample is a cylindrical section of fabric of
0.5-mm diameter, and of height equal to the fabric thickness. Thae beam diameter is consider-
ably larger than the fiber yarn diameter, but a factor of 10 smaller than the 0.22 calibre pro-
iectile size. In all undamaged zone patterns, the target area of the X-ray beam was placed
an inch from the damage zone and not along a warp or wuof line with the point of impact.
Damaged zone patterns were taken by placing the beam on fabric material as closc as possi-
ble to the point of ballistic impact.

The raw data has been corrected by a Lorenz-polarization correction, which involves the
diffraction instrument geometry and its systematic effect on measured intensities as a function
of the Bragg angle 20. Further discussion of this correction is given in Appendix 2.

DETERMINATION OF PHASE CONTENT

We may define X,, Xp, and X, to be the mass fractions of amorphous, monoclinic, and
orthorhombic phase material in the specimen, constrained to add up to unity. Our problem
is then to culculate two of these mass fractions, using the X-ray diffraction data, Copalan
and Mandelkern® provide a method for determining orthorhombic phase crystallinity in the
absence of 2 monoclinic phase; we shall use this method to calculate the ratio X,/X, in the
presence of the monoclinic phase. In this method, a straight line drawn through the Lorenz-
polarization corrected data between the experimental intensities at 28 = 13° and 27° is sub-
tracted from the diffraction pattern. Finally, the areas of the crystalline peaks are math-
ematically separated from the background-corrected curve and denoted Agoy, Aj19, and Agzgp
for the peaks mentioned above. The amorphous scattering area A,m is found by subtracting
the three crystalline areas from the total area betwez=n 13° and 27° for the background-
corrected curve.

The amorphous/orthorhombic ratio is found as in Gopalan and Mandelkern by:

Ry, = Xa / Xo = Aan / (A110 + Azo).

Then the monoclinic/orthorhombic ratio is found from the ratio Aag/Ayjp using:

Ry = X / X5 = Kac (Aoo1 / Ar10)
where Kg,c is a combined factor for structure factor, multiplicity, and tew:pcrature, and has
the value 2.074. Ki.c essentially corrects for the different intrinsic (.":action ‘itensities of

the monoclinic (001) and orthorhombic (110) planes.

Once these ratios are known, the three mass fractions are found in three simultaneous
linear equations:

Xa = Ry X,,
Xa = R, X,, and
1 =X, + X, + Xa

8. GOPALAN, M. R, and MANDELK.ERN L. Degree of Crystallinity of Linear Polyethylene from Wide-Angle X-ray Diffraction. Polymer
Letiers, v. 5 1967, p. 925-92



for which the solution is:

Xo =1/( + R, + Ryp),
Xa =Rp/(1+ Ry + Ry), and
X, =R,/ (1+R, + Rp)

SAMPLE DATA

The sample data shall be presented in terms of the disk file name scheme used in data
acquisition. Each data pattern identifies the sample, whether it was a complete or incomplete
penetration, and whether a damaged or undamaged zone is being examined. The file name is
eight characters, which of necessity begins with an alphabetical character, followed by the suf-
fix .22, which indicates that 20 = 22.00° is the center of the pattern. The letter C or I,
indicating “complete” or “incomplete” penetration, is used as the first character. This is fol-
lowed by the digits identifying a specific test panel sample, then either /D or /U to indicate
that the X-ray beam is focused on a “damaged” or “undamaged” zone, respectively. Table 1
gives a list of the samples and the names of the corresponding patterns.

Table 1. CORRESPONDENCE BETWEEN SAMPLES AND DIFFRACTION PATTERNS

Diffraction Pattern

Sample Number Penetration Damaged Zone Undamaged Zone
7-10-1 Complete C10-1/D.22 C10-1/u.22
7-10-5 Complete C10-5/D.22 C10-5/U.22
7-10-10 Complete C10-10/D.22 C10-10/U.22
7-10-15 Complete C10-15/0.22 C10-15/U.22
7-10-20 Complete C10-20/D.22 C10-20/U.22

7-10-25 Complete C10-25/D.22 C10-25/U.22
7-10-30 Complete C10-30/D.22 C10-30/U.22
7-10-35 Complete C10-35/D.22 C10-35/U.22
7-5-1 Incomplete 15-1/D.22 15-1/U.22
7-5-5 incomplete I5-5/D.22 15-5/U.22
7-5-10 Incomplete N 15-10/D.22 15-10/U.22
7-5-15 Incomplete 15-15/D.22 15-15/U.22
7-5-20 Incomplete 15-20/D.22 15-20/U.22
7-5-25 Incomplete 16-25/D.22 15-25/U.22
7-5-30 incomplete 15-30/D.22 15-30/U.22
7-5-35 Incomplete 15-35/D.22 15-35/U.22




A typical diffraction pattern is shown in Figure 1. The pattern, as shown, has been sub-
jected to the background and the Lorenz-polarization corrections. The vertical scale of the
graph is X-ray counts, while the horizontal scale is the Bragg angle 26. The data acquisition
time, 1 hour, 21 minutes, 2 seconds, is shown to the left of the graph. Below the graph, the
peak search results from the multiple-channel analyzer, giving data from the three crystalline
peaks (monoclinic [001], orthorhombic [110], and orthorhombic [200], reading left to right) evi-
dent in the pattern. The pertinent data items for each peak are the ceniroid, the central 26
- value of the peak in degrees; the FWHM, or line width (full width half maximum) of the
peak in degrees; the peak count above baseline; and the net area of ihe peak in total counts.
(Each peak has been fitted to a Gaussian curve and a baseline; the net avea is that of the
Gaussian curve,) These net area values are the data used for determination of the mass frac-
tions of the two crystal phases. The percent area summary, shown further down in the fig-
ure, is not used. The amorphous area is found by subtracting the three resolved crystalline
areas from the total area of the diffraction curve, indicated under the horizontal axis of the
graph with the label A=. The calculated mass fractions of the crystalline and amorphous
phases for the patterns are shown in detail in Table 2 and are summarized in Table 3.

660377

15-5U 22

01:21.02

: L

13.00 A=19965051 21.00

Peak Search Report
{Full Analysis)

Centroid Left Right Peak FWHM Net
Peak TTH TTH lH_ Count TTH Area Area

1 " 19.46 18888 19.998 22481 4.561E-1 1.342€E6 4.149E5

2 21.55 20,969 22079 619232 4.479E-1 1.220E7 1.062E7

3 23.95 23300 24576 82526 5016E-1 2.383E6 1.602E6

Percent Area Summary
Peak Area Peak Area Peak Net Area

Peak Area Between Cursors Sum of Peak Areas Sum of Net Areas

1 6.72 8.42 328

2 61.12 7662 84.04

3

11.93 14.96 1267

Figure 1. Typical comected diffraction pattern,




Table 2. MONOCLINIC, ORTHORHOMBIC, AMORPHOUS CONTENT OF POLYETHYLENE FROM X-RAY DIFFRACTION

Input Areas Corrected Mass Crystailinties
Mono. Ortho. Ortho. Total Total
Sample (001) (110) (200) Area Mono. Ortho. {Mono. + Ortho.)

C10-1/D.22 (o] 11970000 2716000 24060044 0.000 0.610 0.610
c10-1/u.22 261900 9402000 1124000 17024206 0.035 0.606 0.641
C10-5/0.22 0 1274000 223200 3565255 0.000 0.420 0.420
C10-5/U.22 241500 9549000 1431000 16706451 0.034 0.644 0.678
C10-10/D.22 193700 2712000 615200 6384188 0.074 0.498 0.572
c10-10/U.22 204400 9503000 1582000 16958468 0.029 0.643 0.671
C10-15/D.22 271400 6388000 1444000 14157003 0.047 0.537 0.585
C10-158/U.22 367700 8381000 1401000 16097223 0.054 0.589 0.642
C10-20/D.22 0 1851000 474100 4957032 0.000 0.469 0.469
C10-20/U.22 169800 7690000 1626000 14834582 0.028 0.617 0.646
C10-25/D.22 0 12800000 3505000 27034366 0.000 0.603 0.603
c10-25/U.22 223500 7213000 1022000 13720487 0.038 0.587 0.625
C10-30/D.22 0 7338000 1680000 16757360 0.000 0.538 0.538
C10-30/U.22 124300 7306000 1496000 13233413 0.023 0.656 0.679
C10-35/0.22 435700 3388000 635100 7481225 0.132 0.496 0.628
C10-35/U.22 407300 8035000 1303000 15059411 0.063 0.597 0.660
15-1/0.22 0 3760000 904400 8971161 0.000 0.520 0.520
15-1/U.22 206800 8846000 1616000 16501412 0.030 0.623 0.653
15-5/0.22 672900 8493000 2139000 18541768 0.089 0.542 0.631
15-5/U.22 414900 10620000 1602000 19965052 0.048 0.595 0.643
I5-10/D.22 158800 4808000 903900 9817222 0.039 0.568 0.607
15-10/U.22 303700 8821000 1404000 16517419 0.043 0.603 0.647
15-15/D.22 (4] 6150000 1512000 13057695 0.000 0.587 0.587
I5-15/U.22 198400 6804000 1142000 12512090 0.038 0.621 0.659
15-20/D.22 164300 3943000 1048000 8743732 0.048 0.554 0.602
15-20/U.22 248300 7001000 1106000 12815085 0.045 0.615 0.661
15-25/D.22 1319000 16830000 4349000 40253760 0.081 0.500 0.581
15-25/U.22 215500 7471000 1202000 13675321 0.037 0.620 0.658
1§-30/D.22 626200 6618000 1670000 16216661 0.094 0.481 0576
15-30/U.22 296000 7155000 1274000 13270735 0.053 0.615 0.668
15-35/0.22 518900 4211000 785200 9778549 0.121 0.474 0.595
15-35/U.22 218400 6480000 1140000 12397763 0.042 0.599 0.641

In the summary (Table 3), the mass fraction data are broken down into four classes for
the four combinations of either compicte or inccmplete penetration and damaged or undam-
aged zones. Within each class, the average monoclinic and orthorhombic fractions are
reported along with their respective standard deviations. Table 3 also includes the results of
a replication experiment run to assess the reproducibility of the results. For this experiment,
a single test specimen (7-5-5, incomplete penpetration) was run at five different locations in its
undamaged zone. The five different locations were used to assess the sampling effect, as well




as experimental uncertainty. The results for the replication experiment show a monoclinic frac-
tion of 0.041 (standard deviation 0.006), and an orthorhombic fraction of 0.613 (standard devia-
tion 0.021), for a total crystallinity of (.654, and a standard deviation of 0.022.

Table 3. STATISTICAL ANALYSIS - MONOCLINIC FRACTION VALUES

Monoclinic Fraction Orthorhombic Fraction
Class N Avg. Std. Dev. Avg. Std. Dev.
Complete, Damaged 8 0.032 0.046 0.521 0.060
Complete, Undamaged 8 0.038 0.013 0.617 0.025
Incemplete, Damaged 8 0.059 0.042 0.528 0.039
Incomplete, Undamaged 8 0.042 0.006 0.611 0.010
Replicate 5 0.041 0.006 0.613 0.021

DISCUSSION

First of all, it should be noted that the results of all of the patterns of undamaged
material are in essential agreement at a monoclinic fraction of 0.04 and an orthorhombic frac-
tion of 0.61, with no statistically significant difference between the complete, undamaged and
incomplete, undamaged classes. All undamaged material patterns may be regarded as represen-
tative of virgin fabric unaffected by the ballistic impact.

In the damaged classes, two effects are apparent. First of all, the monoclinic fraction
shows gross fluctuations from sample-to-sample, ranging from zero to 0.132. Second, the
orthorhombic fraction values are lower and show more fluctuation than the undamaged pat-
terns. To illustrate the first effect, in the complete, damaged class, five of the eight patterns
showed mo monoclinic fraction, while the remaining three showed monoclinic fractions of
0.047, 0.074, and 0.132. Illustrating the second effect, orthorhombic fraction in that same
class ranged from 0.420 to 0.610 for the eight patterns.

The changes in phase fractions brought about by the ballistic impact are regarded as aris-
ing from very localized heating of the fabric from the kinetic energy of the projectile. This
heating can act in two ways. First, in the range of the well-known alpha transition of 90°C
to 100°C, associated with the onset of molecular chain motion in the crystallites, crystallite
growth and annealing is possible. Secondly, when the melting point around 140°C is
exceeded, polymer will melt, then recrystallize to some extent in the quick cooling process.

For a number of the damaged patterns, evidenced by zero monoclinic content and quite
low orthorhombic content, the melting process has predominated. In a few instances, where
the monoclinic fraction well exceeds the undamaged value of 0.04, recrystallization has
resulted in further growth of the monoclinic regions, perhaps at the expense of orthorhombic
material, whose fraction generally drops with the ballistic event. (Recall that monoclinic poly-
cthylene occurs, generally, in response to mechanical deformation.)

Overall, the complete, damaged class shows lower monoclinic fraction, and more instances
of zero monoclinic fraction, than the incomplete, damaged class. This is taken to mean that
when complete penetration occurs, melting predominates over recystallization and, indeed. is
probably associated with the failure of the material. Recrystallization is evident in the incom-
plete, damaged patterns in the fact that the average monoclinic itaction has increased to
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0.059 over the undamaged value of 0.04. The increased scatter in the data for all of the dam-
aged patterns is indicative of differences in the ballistic impact event from one test to the
next,

While the monoclinic phase serves somewhat as a marker of thermomechanical history,
the predominant phase in all patterns is the well-known orthorhombic phase. Both the com-
plete, damaged, and incomplcte, damaged classes show significant reduction in orthorhombic
content compared to the undamaged fabric.

CONCLUSIONS

1. Polyethylene fabrics have been successfully characterized in terms of both monoclinic
and orthorhombic crystal content by a suitable X-ray diffraction method.

2. Data on the undamaged fabric are consistent and show an average orthorhombic frac-
tion of 0.61, and an average monoclinic fraction of 0.04.

3. Data from damaged fabric show that ballistic impact can result in either an increase
in monoclinic fraction, attributed to recrystallization, or total eradication of monoclinic matcri-
als, attributed to melting. The latter predominates where ballistic penetration is complete.

4. Data from damaged fabric show that the major crystalline phase, the orthorhombic
phase, is generally reduced in mass fraction by the ballistic impact event.

5. The monoclinic content of a polyethylene fabric is useful for characterizing
thermomechanical effects which the fibers have undergone.




APPENDIX 1. FIBSCN PROGRAM FOR CRYSTALLINiTY DETERMINATION

A Fortran program, FIBSCN. has been written for use in determining the crystallinity of
fibers. The obstacle addressed and overcome by FIBSCN is the proper weighting of intensi-
ties at various orientation positions with respect to the fiber axis. A pertinent reference to
this problem is Desper and Stein.” Let us denote x as the orientation angle between the
fiber axis (presumed to be an axis of cylindrical symmetry) and the diffraction vector S of the
diffractometer at a particular instrument setting. A weighting factor sin y, herein termed the
“Euler factor,” must be used for proper integration and averaging over the surface of the
sphere. With this definition, the randomized intensity I,,. (20) at any Bragg angle 20 is
given by:

Iye(20) = 1“0"21(20. x) sin y dy/ f:’zsin y dy

where 1(26, x) is the experimental intensity measured at the specified Bragg angle and orienta-
tion position. In effect, the above integration mathematically reduces the very complicated
intensity pattern, which includes orientation dependence, to that of a hypothetical equivalent
sample in which all of the scattcring elements have been placed in random orientation posi-
tions. This reduces the crystallinity determination problem to one which has been extensively
treated. The treatment used in the present work for polyethylene crystallinity is that of
Gopalan and Mandelkern.®

The unique feature used for the first time in the present work is that of successtully coor-
dinating the X-ray diffractometer with the use of a position-sensitive proportional counter
(PSPC), which allows intensity to be measured over a considerable range of Bragg angles
simultaneously rather thap sequentially, with an enormous improvement in operational effi-
ciency and reduction in data acquisition time. Without the PSPC, several days would be
required to determine a single crystallinity for an oriented fiber; with the PSPC, this can be
accomplished in 1 to 2 hours. TIBSCN takes the approach of applying the Euler factor | sin
z | by varying the counting time which the diffractometer spends at each y value directly
with | sin ¥ |. Coordination of the two functions, motor positioning of the angle and data
acquisition for the PSPC output, is accomplished by use of an auxiliary output signal, namely
the “chart drive” logical signal, from the PDP-11 motor control system to gate the PSPC
pulses to the Lecroy 3500 multiple-channel analyzer (MCA) where they are counted. The
operation is as follows:

1. The PDP-11 drives to the next angle position with chart drive set off inhibiting PSPC
pulse counting.

2. The PDP-11 turns chart drive on for a time proportional to | sin y |, enabling PSPC
pulse counting.

3. Repeat steps 1 and 2 for an entire quadrant of orientation angles.
The operator need only start the Lecroy 3500 MCA prior to step 1 and stop it after step 3.
The intensity pattern recorded will be properly weighted to average out the orientation effect.
The time indicated on the MCA will include angle driving time when pulse counting was inhib-
ited, but this may be corrected in software after the fact by using a counting time value pro-
vided by the PDP-11.

9. DESPER, C. R,, and STEIN, R. S. Randomization of Orientation of Films and Fibers. Polymer Letters, v. 5, 1967, p- 893-900.



APPENDIX 2. LORENZ-POLARIZATION CORRECTION

The Lorenz-polarization correction has been incorporated into the Lecroy 3500 multiple-
channel analyzer software. This corrects for (a) the Lorenz instrumental geometry factor,
which varies with the Bragg angle, and (b) the effect of polarization inherent in the diffrac-
tion processes. Note that two ditfraction processes are relevant, those of both the incident
beam monochromator, a graphite crystal selecting out the suitable X-ray wavelength, and of
the sample diffraction process. With an incident beam monochromator of the Furnas designs
used in the Picker diffractometer, the Lorenz-polarization factor L is given by:

L(26, 285) = (1 + cos®20 / cos®28,) / (sin’fcosd)
where

20 = Bragg angle (or sample scattering, and
20, = Bragg anglt for monochromator crystal.'

In this equation, the factor

1/ cos?20,

corrects for the partial polarization of the monochromated incident beam. I use this form
rather than

cosZZOm

given in Cullity'® and in most other texts because the design of the Picker instrument, with
the monochromator bounce in a plane perpendicular to the sample scattering plane, gives an
inverse primary beam polarization compared to the standard design in which the two pianes
are parallel.

10. CULLITY, B. D. Elements of X-ray Diffraction. Addison-Wesicy, Reading, MA, 1956, p. 172
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